The filoviruses Marburgvirus (MARV) and Ebolavirus (EBOV) are endemic primarily to central Africa and cause a severe form of viral hemorrhagic fever. Of all the filovirus strains or species, the Angola strain of MARV is associated with the highest mortality rate (90%) in humans observed to date (26). An increase in natural filovirus outbreak frequency over the past decade and the potential for use to cause deliberate human mortality have focused attention on the need for therapeutics and vaccines against filoviruses. While regulatory pathways have been proposed to facilitate licensing of a preventive vaccine against potently lethal pathogens such as these, there is as yet no licensed vaccine for use in humans, and efforts remain targeted to the optimization of vaccine performance in nonhuman primates (NHP) since this animal model recapitulates many aspects of disease pathogenesis observed in humans.
The filoviruses Marburgvirus (MARV) and Ebolavirus (EBOV) are endemic primarily to central Africa and cause a severe form of viral hemorrhagic fever. Of all the filovirus strains or species, the Angola strain of MARV is associated with the highest mortality rate (90%) in humans observed to date (26) . An increase in natural filovirus outbreak frequency over the past decade and the potential for use to cause deliberate human mortality have focused attention on the need for therapeutics and vaccines against filoviruses. While regulatory pathways have been proposed to facilitate licensing of a preventive vaccine against potently lethal pathogens such as these, there is as yet no licensed vaccine for use in humans, and efforts remain targeted to the optimization of vaccine performance in nonhuman primates (NHP) since this animal model recapitulates many aspects of disease pathogenesis observed in humans.
Genetic vaccines are a promising approach for immunization against pathogens that are rapidly changing due to natural evolution, cross-species transmission, or intentional modification. Gene-based vaccines are produced rapidly and can be delivered by a variety of vectors. DNA vectors are advantageous because they are inherently safe and stable and can be used repeatedly without inducing antivector immune responses. However, while filovirus DNA vaccines have demonstrated efficacy in small animal models, efforts to induce protective immunity by injection of plasmid DNA alone into NHP have yielded less encouraging results. EBOV DNA vectors generate immune protection in mice and guinea pigs, but this has not been demonstrated in NHP unless DNA immunization is boosted with a viral vector vaccine (23) . MARV DNA fully protects mice and guinea pigs but provides only partial protection in NHP (17) . The discordant results between rodent and primate species may be due to the use of slightly modified infectious challenge viruses in rodent models or may reflect underlying differences in vaccine performance and the mechanisms of immune protection between rodents and NHP.
In the current study, we examined whether DNA plasmidbased vaccines could be improved to increase potency in NHP and compared immunogenicity of this vaccine modality with those of viral vector and prime-boost approaches. DNA-vectored vaccines were modified by codon optimizing gene target inserts for enhanced expression in primates. These vectors induced antigen-specific cellular and humoral immune responses similar to immunization using a recombinant adenoviral vector and provided protection after lethal challenge with MARV Angola. However, macaques vaccinated with DNA vectors exhibited clinical symptoms associated with MARV hemorrhagic fever (MHF) that were absent in NHP receiving a single inoculation with recombinant adenovirus (rAd) vectors, suggesting qualitative differences in the immune responses elicited by the different modalities.
MATERIALS AND METHODS
Vaccines. The cDNA insert encoding MARV Angola glycoprotein (GP) was synthesized by using human-preferred codons as described by GeneArt (Regensburg, Germany) and inserted into mammalian expression vector CMV/R as an XbaI and BglII fragment. This vector is a cytomegalovirus (CMV)-driven plasmid that has been modified to contain the human CMV immediate early (IE) enhancer/promoter, followed by the human T-cell leukemia virus type 1 (HTLV-1) R region and a 123-bp fragment of the CMV IE 3Ј intron, resulting in higher-level gene expression and enhanced immunogenicity in vivo (1) . MARV GP plasmids were transfected into 293 cells to confirm protein expression by Western blot analysis with serum from mice immunized with DNA vectors containing the MARV GP native virus sequence. The rAd type 5 (rAd5) vaccine expressing MARV GP was constructed using the codon-modified insert and grown and purified as described previously (21) . Briefly, the codon-optimized MARV Angola GP insert was cloned into a plasmid containing the left 5 kb of the Ad5 genome with a CMV promoter and simian virus 40 (SV40) polyadenylation sequence inserted into the E1 region, which was completely removed. Cotransfection of this plasmid with a cosmid containing the remaining Ad5 sequence (E3 deleted) to PER.C6 cells yielded an E1/E3-deleted replication-deficient recombinant Ad5 virus. The virus was plaque purified, and one plaque was expanded up to a production scale of approximately 2.4 liters. A two-step cesium chloride gradient ultracentrifugation procedure was used to purify the Ad5 MARV vector. The purified Ad5 MARV vaccine was stored as single-use aliquots below Ϫ65°C. Virus particle titers were determined by anionexchange high-pressure liquid chromatography (HPLC) based on previously described procedures (8) . Infectivity was assessed by 50% tissue culture infective dose (TCID 50 ) using 911 cells (9) . Adenovirus-mediated MARV GP expression was assessed by infection of A549 cells followed by analysis of culture lysates on a Western blot as described above. The identity of the purified vectors was confirmed by PCR.
Animal challenge study and safety. Animal experiments were conducted in full compliance with all relevant federal guidelines and NIH policies. Fifteen cynomolgus macaques (Macaca fascicularis) with weights and ages between 2 and 3 kg and 3 and 5 years, respectively, were obtained from Covance for this immunization and challenge study. Monkeys were housed individually and given enrichment regularly as recommended by the Guide for the Care and Use of Laboratory Animals (14a; DHEW number NIH 86-23). Animals were anesthetized with ketamine prior to blood sampling or vaccination. Each vaccine group in this study (DNA MARV GP only, rAd5 MARV GP only, and DNA MARV GP ϩ rAd5 MARV GP) contained four cynomolgus macaques, and the control, unvaccinated group contained three. All animals were transferred to the Maximum Containment Laboratory (biosafety level 4 [BSL-4]) for infection with 1,000 PFU of MARV Angola isolated from a patient from the 2005 outbreak in Angola (26) . Infectious challenge was conducted with the same virus stock in two experiments; the first study (I) contained animals vaccinated with DNA-GP or DNA-GP/ rAd5-GP and included two unvaccinated controls and the second study (II) contained animals vaccinated with rAd5-GP and one unvaccinated control. While in the BSL-4 facility, the monkeys were fed and checked daily. During the MARV challenge study, blood was collected from the NHP on days 0, 3, 6, 10, 14, and 28 for hematological, biochemical, and virological analyses.
Animal studies performed in BSL-4 biocontainment at USAMRIID were approved by the USAMRIID Institutional Animal Care and Use Committee. Animal research was conducted in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals and experiments involving animals and adheres to the principles stated in the Guide for the Care and Use of Laboratory Animals (14a). The facilities used are fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International.
Animal immunization. Each monkey in the DNA vaccine group (n ϭ 4) was injected intramuscularly with 4 mg MARV Angola GP plasmid at 0, 4, 8, and 23 weeks by Biojector. These animals were exposed to a target dose of 1,000 PFU of MARV Angola by the intramuscular route 3 weeks after the fourth DNA immunization. Four cynomolgus macaques in the rAd5-only group were injected intramuscularly by needle and syringe with 10 11 particle units (PU) of rAd5 MARV Angola GP. Four weeks postvaccination, animals were challenged with a target dose of 1,000 PFU of MARV Angola by the intramuscular route. Four cynomolgus macaques each received 3 injections of MARV GP DNA plasmid at 0, 4, and 8 weeks as described above. Twelve weeks after the third DNA injection (at 20 weeks), each NHP was given a boost with 10 11 PU of rAd5 MARV GP administered intramuscularly by needle injection. These animals were infected with 1,000 PFU of MARV Angola by the intramuscular route 6 weeks after the final immunization.
Anti-MARV GP IgG ELISA. Polyvinyl chloride enzyme-linked immunosorbent assay (ELISA) plates (Dynatech, Vienna, VA, or Nunc, Rochester, NY) were coated with 100 l of antigen per well and incubated at 4°C overnight. Subsequent incubations were performed at room temperature. Transmembrane-deleted MARV GP (MARV GP⌬TM) generated by calcium phosphate-mediated transient transfection of 293T cells served as the antigen. Plates were washed six times with phosphate-buffered saline (PBS) containing Tween 20 after antigen coating. Test sera were serially diluted to 7 concentrations ranging from 1:50 to 1:50,000 and added to the antigen-coated wells for 60 min. The plates were washed six times followed by incubation with the detection antibody, goat antihuman IgG (heavy plus light chain [HϩL] ; Chemicon/Millipore, Billerica, MA) conjugated to horseradish peroxidase. Sigma Fast o-phenylenediamine dihydrochloride (Sigma, St. Louis, MO) substrate was added to the wells, and the optical density was determined (450 nm). A panel of prevaccination sera for each animal was run every time that the assay was performed. Background-subtracted ELISA titers are expressed as 90% effective concentrations (EC 90 ), reciprocal optical density values, which represent the dilution at which there is a 90% decrease in antigen binding.
Intracellular cytokine staining (ICS).
Whole-blood samples from cynomolgus macaques were subjected to density gradient centrifugation over Ficoll to isolate peripheral blood mononuclear cells (PBMC). Approximately 1 ϫ 10 6 cells were stimulated in 100 l RPMI medium containing 10% heat-inactivated fetal calf serum for 6 h at 37°C with anti-CD28 (clone CD28. . The viability dye ViViD (Invitrogen) was included to allow discrimination between live and dead cells (15) . Samples were acquired on an LSR II cytometer (BD Biosciences) collecting up to 500,000 events and analyzed using FlowJo 8.8.5 and SPICE 5.0 software (Tree Star). Cytokine-positive cells were defined as a percentage within CD4 ϩ and CD8 ϩ T-cell memory subsets. Boolean combinations of the three cytokine gates were determined in FlowJo and imported into SPICE to evaluate functional phenotypes of single-, double-, and triple-cytokine-producing cells and proportional representation in pie charts. Hematology and serum biochemistry. Total white blood cell counts, white blood cell differentials, red blood cell counts, platelet counts, hematocrit values, total hemoglobin, mean cell volume, mean corpuscular volume, and mean corpuscular hemoglobin concentration were determined from blood samples collected in tubes containing EDTA, by using a laser-based hematologic analyzer (Coulter Electronics, Hialeah, FL). Serum samples were tested for concentrations of alanine aminotransferase (ALT) and aspartate aminotransferase (AST), by using a Piccolo point-of-care blood analyzer (Abaxis, Sunnyvale, CA).
Detection of MARV. Virus titration was performed by plaque assay on Vero cells from all blood samples. Briefly, increasing 10-fold dilutions of the samples were adsorbed to Vero monolayers in duplicate wells (0.2 ml per well); thus, the limit for detection was 25 PFU/ml.
Statistics. Comparison of anti-GP ELISA IgG titers and intracellular cytokine production by T-cell memory subsets was done using a one-tailed t test in GraphPad Prism software.
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RESULTS
Single-injection and prime-boost immunization of cynomolgus macaques with genetic vaccines. It has been shown for some antigens that combination prime-boost vaccines using DNA and rAd5 vectors for gene delivery generate highermagnitude immune responses than do either DNA or rAd vectors alone (19, 23) . In this study we tested the comparative immunogenicity and protection elicited by DNA and/or rAd vectors encoding the GP of MARV Angola. Vaccination against MARV using DNA vectors delivered by gene gun was shown previously to provide some protection to NHP against challenge with MARV (Musoke strain), but breakthrough mortality occurred, possibly owing to suboptimal antigen expression (17) . Therefore, the plasmid vectors used in the present study were optimized for antigen expression in primates using two approaches. First, the GP gene inserts were modified for optimal codon usage in primates. Second, antigen gene inserts were cloned into plasmid vectors containing enhanced promoter regulatory elements that have been shown to increase gene expression and in vivo immune responses when injected into macaques (1). These DNA plasmid vectors were modified by adding the R region regulatory sequence from the long terminal repeat (LTR) of human T-cell leukemia virus type 1 (HTLV-1), which was placed downstream of the cytomegalovirus (CMV) enhancer/promoter. Plasmids were delivered in multiple shots as homologous (DNA/DNA) or heterologous (DNA/rAd5) prime-boost vaccines, and rAd5 vaccine vectors were delivered as a single immunization or in a primeboost series as shown in Fig. 1 . The prime-boost groups received three priming immunizations with DNA vectors delivered intramuscularly by Biojector at weeks 0, 4, and 8. The final immunization followed at week 20 for the homologous DNA-GP vector boost or at week 23 for the heterologous vector rAd5-GP boost, which was delivered by needle injection. Subjects were challenged with 1,000 PFU of MARV Angola between 3 and 6 weeks after the final immunization.
Comparative immunogenicity of single-injection and primeboost vaccines. In previous studies to evaluate filovirus vaccines, we observed that high titers of IgG were induced in the sera of animals immunized with genetic vaccines expressing EBOV GP (21, 23) and that the presence of antigen-specific antibodies correlated with survival after infectious challenge (22) . Therefore, to track the development of antigen-specific immunity elicited in the different groups shown in Fig. 1 , the level of anti-MARV GP antibodies was assessed over the course of each immunization regimen. Samples were obtained prior to each immunization and again 1 to 3 weeks before infectious challenge with MARV Angola, and anti-MARV GP IgG titers were measured by ELISA as described in Materials and Methods. A single inoculation with DNA was immunogenic but elicited lower antibody titers than did a single shot of the rAd5 vaccine (Fig. 2) . The average titer for all DNAimmunized subjects at week 4 was 1:653, about an order of magnitude lower than that for parallel samples from subjects immunized with rAd5-GP vaccines, 1:5,122 (P ϭ 0.02). A second immunization with DNA-GP boosted titers in animals exhibiting the lowest titers preinjection (V1, V4, and V5 to V8), but the boosting effect of the second DNA injection was less pronounced in animals with higher initial titers (ca. 1:2,000; V2 and V3). A third injection with DNA-GP did not boost antibody titers beyond what was elicited after the second immunization. However, after a rest period of nearly 4 months, a significant boosting effect of subsequent DNA-GP immunization was observed. The fourth DNA injection, administered at week 163, caused antibody titers to increase from 1:734 to 1:4,590 (P ϭ 0.002), with a final prechallenge titer comparable to that elicited by a single inoculation with the rAd5-GP vaccine. The highest antibody titers were achieved with a heterologous prime-boost vaccine. rAd5-GP boosted titers in DNAprimed animals more than 2 orders of magnitude to a final prechallenge GP ELISA IgG titer of 1:237,167. Therefore, the heterologous prime-boost modality demonstrated the greatest potency, with the highest-magnitude response being contributed by the rAd5-GP boost.
Induction of MARV GP cellular immune responses. The cellular immune responses generated by each vaccine modality were assessed by measuring antigen-stimulated intracellular TNF-␣, IFN-␥, and IL-2. Subject PBMC were obtained 1 week prior to infectious challenge with MARV Angola and stimulated with overlapping peptides spanning the GP open reading frame. Antigen-stimulated cells were evaluated by flow cytometric analysis for responses in CD4 ϩ and CD8 ϩ memory T-cell subsets using CD45RA and CD95 as phenotypic markers (Fig. 3A) . All three vaccine modalities generated responses specific for MARV GP in both CD4 ϩ and CD8 ϩ T-cell subsets, but similarly to antibody titers, they trended higher in the heterologous prime-boost subjects (DNA/rAd) (Fig. 3) . This result is consistent with previous reports in NHP that vaccination with rAd vectors provides a potent immunological boost in subjects previously primed with DNA vaccines (19, 23) . On average, CD8 ϩ responses predominated over CD4 ϩ responses for all vaccine groups containing rAd-GP, whereas CD4 ϩ responses dominated in the DNA/DNA group. In the group receiving a single inoculation with rAd5 vaccine, antigen-specific CD8 ϩ T cells were higher than CD4 ϩ responses for every subject and displayed an overall average of 0.43% of memory cells compared to 0.12 for CD4 ϩ T cells (P ϭ 0.13). In contrast, subjects not receiving rAd (DNA/DNA) displayed the lowest 
CD8
ϩ T-cell immunity, with an average for the group equaling 0.2% of the memory subset. These subjects demonstrated cellular immunity dominated by CD4 ϩ T cells (P ϭ 0.08), with antigen-specific responses averaging 0.47% for the group. A CD8 ϩ bias was also observed when rAd5-GP was used as a boost immunization for DNA-primed subjects, where there was a 4-fold excess of antigen-specific CD8 ϩ over CD4 ϩ T cells (P ϭ 0.07). Notably, one subject in this group, V4, demonstrated an inverse ratio (CD4 ϩ Ͼ CD8 ϩ) , but this monkey exhibited lower responses overall. In general, the ratio of antigen-specific CD4 ϩ to CD8 ϩ cells induced by prime-boost vaccination was influenced primarily by the boosting immunization when the prime and boost vectors were not matched (DNA/rAd).
Multiparameter flow cytometric analysis of T-cell quality. In addition to the assessment of antigen-specific T-cell magnitude, the simultaneous measurement of multiple cytokines by ICS in all vaccinated subjects permitted assessment of qualitative differences in T-cell responses that are reflected in the combinations of cytokines produced, providing additional information regarding T-cell function. Cells making multiple cytokines have been described as "polyfunctional" since they produce cytokines related to both effector (IFN-␥ or TNF-␣) and proliferative (IL-2) potential (20) , and both CD4 ϩ and CD8 ϩ cells exhibiting this phenotype have been associated with protection from viral, bacterial, and parasitic infections (2-4, 16) . Figure 4 shows the relative proportions of CD4 ϩ and CD8 ϩ T cells producing the cytokines TNF-␣, IFN-␥, and IL-2, alone or in combination, averaged across subjects in each vaccine group. Within the CD4 ϩ T-cell subset, different vaccine regimens generated remarkably similar qualities, the most pronounced difference being that the rAd-GP vaccine elicited a smaller proportion of cells triple positive for TNF-␣, IFN-␥, and IL-2 (black slice) compared to the groups receiving DNA-GP priming immunizations, where triple-positive cells constituted the major population. Instead, the dominant CD4 ϩ functional phenotype in rAd-GP vaccinees was a subset of cells producing only IL-2 (pink slice). Differences in quality between vaccine groups were more pronounced in CD8 ϩ T cells. Here, the proportion of polyfunctional cells producing two or three cytokines (black plus blue slices) was highest in the DNA/rAd group, intermediate for the DNA/DNA vaccine, and lowest in subjects receiving a single inoculation with rAd-GP. The predominant CD8 ϩ population in the rAd group was cells producing IFN-␥ only, followed by TNF-␣ plus IFN-␥ doublepositive cells, both populations representing an "effector" cell phenotype. The two vaccine groups receiving DNA-GP priming immunizations were distinguishable by their respective proportions of cells producing TNF-␣ plus IFN-␥, which was highest for DNA/rAd, versus IL-2 alone, which was highest in the DNA/DNA group. Notably, the IL-2 single-positive CD8 ϩ Tcell population was almost undetectable in groups where rAd-GP was given alone or as a boost. In general, rAd-GP given as a single shot or boost for DNA-GP induced CD8 ϩ T-cell populations with effector properties while DNA-GP immunization yielded CD4 ϩ and CD8 ϩ cells representative of memory cells, capable of producing IL-2 alone or in combination with other cytokines. Altogether, the total proportions of polyfunctional (triple-and double-positive) CD8
ϩ T cells were highest in prime-boost groups (DNA/rAd5 Ͼ DNA/DNA) and lowest in subjects receiving a single-injection vaccine (rAd5-GP), suggesting that optimization for polyfunctional vaccine responses may require multiple immunizations.
Infectious challenge of vaccinated macaques with MARV Angola. To assess the relative potencies of the three vaccine modalities to provide immune protection against MARV infection, subjects were exposed to 1,000 PFU of MARV Angola by intramuscular injection. MARV hemorrhagic fever is ac- companied by hepatic damage that results in elevated levels of circulating hepatic enzymes in humans (9, 11) and NHP (6) . Therefore, infection was monitored in real time by assessment of circulating aspartate transaminase (AST) and alanine transaminase (ALT) enzymes in all subjects at time points immediately before challenge and every 3 to 4 days postexposure through day 14 (Fig. 5) . Unvaccinated, control macaques displayed elevations in plasma AST and/or ALT at day 6 after exposure, indicating active infection in these subjects, while liver enzyme levels remained within normal values in all three groups of vaccinated macaques. Evaluation of liver enzymes in control subjects revealed elevations that predicted terminal infection; animals were euthanized or became moribund on days 8 and 9 (study I) and day 9 (study II), demonstrating lethal infection. To confirm MHF as the cause of mortality, plasma viral loads for MARV Angola were determined by conventional plaque assay (Fig. 5, rightmost column) . Consistent with the clinical chemistry, active viral replication was detected in control subjects at day 6 post-MARV Angola exposure. Viremia remained below detectable levels in all vaccinated subjects throughout the course of study, demonstrating that singlemodality DNA/DNA or rAd5, as well as heterologous primeboost with DNA/rAd vectors, generated protective immunity in all subjects. While PCR can also be used as a sensitive assay to detect circulating virus, it, like plaque assay on Vero cells, suffers from potential false-negative detection if virus replication is primarily cell or tissue associated. Additional markers of infection were also monitored since elevations in liver enzymes or viremia can go undetected if they occur transiently between time points. Although lymphocytes are not directly infected by filoviruses, lymphopenia is frequently observed in infected subjects, possibly as a result of bystander apoptosis (7) . Therefore, blood cell count monitoring was performed at each time point in the challenge study and lymphocyte numbers were determined for each subject (Table 1) . Lymphocyte depletion was observed in all unvaccinated control macaques at day 6, consistent with other clinical markers of infection monitored in this study. Additionally, these subjects developed anorexia and a maculopapular rash that is characteristic for filovirus hemorrhagic fever (14) . Unexpectedly, three (V5, V6, and V7) out of four DNA-GP-vaccinated animals also exhibited lymphocyte depletion on day 6 followed by rash and/or anorexia, suggesting that, while DNA vaccine-induced immunity successfully cleared virus, immune responses were suboptimal for control of virus replication to the degree necessary to prevent symptoms. These subjects all displayed ELISA IgG titers equivalent to levels observed in symptom-free subjects, and there was no significant neutralizing activity in sera from all vaccinated macaques. Similar to the DNA-only group, two subjects (V2 and V4) in the vaccine group containing DNA as a prime exhibited mild, transient symptoms apparent as lymphopenia or rash. A caveat to interpretation of vaccine efficacy results is that the infectious challenge was performed at slightly different intervals relative to the final immunization for each of the vaccine groups, and this could contribute partially to any differences observed in immune response or clinical symptoms. Nonetheless, the relationship between specific immune responses at the time of challenge and protection from illness or mortality reveals important associations. It is noteworthy, for example, that subjects exhibiting symptoms of MHF had the lowest numbers of antigen-specific T cells within their respective vaccine groups (Fig. 3) and also had lower proportions of polyfunctional CD8
ϩ T cells exhibiting a triple-positive or doublepositive TNF-␣/IFN-␥ phenotype compared to healthy animals within the group (data not shown). Instead, the symptomatic subjects also showed a higher proportion of single-positive cells producing IL-2, a phenotype that is unusual in the CD8 ϩ T-cell lineage. Together, these data demonstrate that all three vaccine modalities delivering MARV GP with either DNA or rAd vectors provided protection from mortality against MARV Angola and that a single inoculation with rAd vaccine induced optimal immune responses to eliminate both symptoms and mortality from MHF.
DISCUSSION
The studies reported herein were undertaken to examine whether DNA vaccines could be improved to protect against lethal MARV challenge and to study the relative potency of vaccines when administered as recombinant DNA and/or viral vectors for immune protection against MARV Angola. Although methylated CpG in DNA plasmids theoretically serves a Two independent infectious challenge studies were performed, and inclusion of individual subjects is denoted by Roman numerals. During the infectious challenge experiment, blood samples were obtained at days 0, 3, 6, 10, 14, and 28 for complete blood cell (CBC) measurements. Lymphopenia was noted for animals displaying a drop in lymphocyte count greater than 20% of baseline (day 0 counts) for that subject. Animals were observed for changes in behavior, food intake, and rash and were weighed at least once daily. Anorexia was noted if less than one-half of the daily food ration was consumed in a 24-h period.
cells (1) and alteration of the GP gene insert for optimum codon usage (27) . Partial protection against MARV (Musoke strain) was previously observed after DNA immunization at multiple sites by gene gun (17) , and it was suggested that efficacy was due to gene gun targeting of the immunogen to antigen-presenting cells in skin tissue. Therefore, the use of Biojector delivery of the DNA vaccine in our studies may also have contributed to the improved efficacy for protection. Prior to this report, uniform protection from MARV mortality in NHP has been achieved only with vaccines containing viral components, as either vectors or virus-like particles (8, 10, 24, 25) . The results herein demonstrate the potential utility of DNA plasmids for use as vaccine vectors in primates and suggest that improvements in antigen expression and delivery may be a valid approach for enhancing immune responses induced by DNA vaccines.
The results presented here also shed light on the nature of immune responses that are associated with vaccine protection against MARV Angola mortality. We showed previously that a prime-boost vaccine using DNA and rAd vectors protected against lethal infection with the Zaire species of EBOV, but homologous vector vaccines were not tested in that study and so the contribution of each component to protective immunity could not be assessed (23) . Here, the vaccine vectors were compared singly and in combination. It is interesting that the group receiving only DNA vaccines generated levels of antibody against MARV GP similar to those of the rAd-only group and yet exhibited a reduced level of protection against illness. Riemenschneider et al. also observed a lack of correlation between antibody levels and protection after vaccination with a DNA vaccine (17) . Cell-mediated immunity was not reported in that study, but the present work reveals the balance of T-cell responses (CD4/CD8) and functional phenotype to be distinguishing features between groups that became ill and those that were fully protected. Both vaccine modalities that induced skewing toward CD4 ϩ T-cell immunity mediated incomplete protection against symptoms of MARV infection, and for the DNA/rAd vaccine, this was despite the induction of a robust CD8 ϩ T-cell response. This observation suggests that protective immunity against MARV Angola depends on qualitative differences that are not captured by measures of the absolute magnitude of antibody or cell-mediated immune responses, as observed for other pathogens (5). Vaccine modalities using DNA to prime the immune response generated T cells with a polyfunctional quality: cells that simultaneously produce TNF-␣, IFN-␥, and IL-2. Although this phenotype has defined protective immunity for a variety of pathogens (2) (3) (4) 16) , the generation of polyfunctional CD4 ϩ and CD8 ϩ cells did not associate with the rAd-GP vaccine group that provided the most robust protection (absence of symptoms) against MARV Angola. It is noteworthy that many of the previous studies were designed to evaluate long-term memory against persistent chronic infections where it would be important to generate long-lived cells with a triple-positive cytokine phenotype. Filovirus infection kills susceptible hosts within days to weeks, and the unvaccinated NHP in this study were moribund or euthanized between days 8 and 9. Therefore, it is not surprising that the rapid generation of CD8 ϩ T cells lacking the polyfunctional phenotype that includes IL-2 but instead possessing a dominant effector phenotype (TNF-␣ and IFN-␥), such as that induced by the rAd-GP vaccine, provided robust protection against infection. The relatively small number of animals used in these studies did not reveal statistically significant differences in T-cell polyfunctional quality within each vaccine group between subjects who remained healthy and those exhibiting clinical symptoms, but it is perhaps noteworthy that the single symptom-free subject in the DNA vaccine group had a higher proportion of CD8 ϩ T cells expressing TNF-␣ and IFN-␥ (with or without IL-2) and a lower representation of cells single positive for IL-2, indicating the dominance of T cells with greater effector potential in the healthy subject (data not shown). Similarly, in the DNA/rAd vaccine subjects that remained healthy there were higher proportions of CD8 ϩ T cells expressing the effector cytokines TNF-␣ and IFN-␥.
The protection from mortality afforded by the DNA vaccine used herein suggests that plasmid vectors, previously thought to be ineffective as vaccines for filoviruses, may hold promise. The inherent safety and stability of this platform make it attractive as a vaccine to be used in areas lacking refrigeration, such as regions of Africa where filovirus outbreaks are endemic. Because of the high magnitude of antigen-specific responses achieved by heterologous prime-boost, it has been proposed that long-term immunity may be optimally achieved by priming rAd with DNA (18) . This is another important consideration for vaccines used in populations where immunization programs are less well developed and subjects may have only a single opportunity to be vaccinated. The studies shown here suggest that the value of DNA priming will depend on the pathogen, antigen, and mechanism of immune protection. For MARV Angola, these studies suggest that it will be important for DNA and rAd vaccines to be optimized to skew immunity toward CD8 ϩ T cells with effector properties, while also maintaining CD4 ϩ and antibody responses.
